Aims/hypothesis The impact of strategies for prevention of type 2 diabetes in isolated impaired fasting glycaemia (i-IFG) vs isolated impaired glucose tolerance (i-IGT) may differ depending on the underlying pathophysiology. We examined insulin secretion during OGTTs and IVGTTs, hepatic and peripheral insulin action, and glucagon and incretin hormone secretion in individuals with i-IFG (n=18), i-IGT (n=28) and normal glucose tolerance (NGT, n=20). Methods Glucose tolerance status was confirmed by a repeated OGTT, during which circulating insulin, glucagon, glucose-dependent insulinotrophic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) levels were measured. A euglycaemic-hyperinsulinaemic clamp with [3-3 H]glucose preceded by an IVGTT was performed. Results Absolute first-phase insulin secretion during IVGTT was decreased in i-IFG (p=0.026), but not in i-IGT (p=0.892) compared with NGT. Hepatic insulin sensitivity was normal in i-IFG and i-IGT individuals (p≥ 0.179). Individuals with i-IGT had peripheral insulin resistance (p = 0.003 vs NGT), and consequently the disposition index (DI; insulin secretion×insulin sensitivity) during IVGTT (DI IVGTT) ) was reduced in both i-IFG and i-IGT (p<0.005 vs NGT). In contrast, the DI during OGTT (DI OGTT ) was decreased only in i-IGT (p<0.001), but not in i-IFG (p=0.143) compared with NGT. Decreased levels of GIP in i-IGT (p=0.045 vs NGT) vs increased levels of GLP-1 in i-IFG (p=0.013 vs NGT) during the OGTT may partially explain these discrepancies. Basal and post-load glucagon levels were significantly increased in both i-IFG and i-IGT individuals (p≤0.001 vs NGT). Conclusions/interpretation We propose that differentiated preventive initiatives in prediabetic individuals should be tested, targeting the specific underlying metabolic defects.
Introduction
To gain a more profound insight into the pathogenesis of type 2 diabetes, the initial defects responsible for fasting vs post-load glucose dysregulation need to be elucidated in individuals with isolated impaired fasting glycaemia (i-IFG) and isolated impaired glucose tolerance (i-IGT). Those with combined IFG/IGT most probably represent a mixed group with more severe defects in several organs [1] . In a recent review [2] it was concluded that hepatic insulin resistance is a dominant feature in i-IFG and peripheral insulin resistance is a characteristic of those with i-IGT, while both groups have impaired absolute insulin secretion. However, the majority of previous studies based their estimates of insulin secretion and insulin sensitivity on fasting and/or post-load samples from an OGTT [3] [4] [5] [6] [7] [8] [9] [10] . While estimates of insulin secretion and action based on fasting plasma insulin and glucose levels are known to be indirect and rather simple, measurements based on oral (compared with i.v.) glucose administration may to some extent be influenced by the secretion and action of gut incretin hormones, causing less accurate estimates of pancreatic beta cell function. Furthermore, only a single study in prediabetic individuals [11] previously reported measurements of insulin secretion as seen in relation to insulin action using gold-standard techniques, providing a true measure of pancreatic beta cell function.
In the present detailed study, we aimed at examining hepatic and peripheral insulin sensitivity as well as the secretion of insulin, glucagon and incretin hormones in a population-based study of incident cases of i-IFG vs i-IGT by using both oral and i.v. methods.
Methods
All participants were recruited from the Inter99 study [12] , which is a 5 year population-based non-pharmacological intervention study with the aim of reducing incidence of ischaemic heart disease and type 2 diabetes. C. Glümer and K. Borch-Johnsen are members of the Steering Committee for Inter99, with K. Borch-Johnsen being principal investigator for the areas relating to diabetes. The randomisation and intervention strategies used in the Inter99 study are described elsewhere [12] .
Classification of glucose tolerance status based on repeated OGTT At baseline (1999) (2000) (2001) and at 5 year follow-up (2004) (2005) (2006) , all participants had a standard 75 g OGTT with glucose and insulin measured at time 0 and 120 min. A total of 4,735 individuals had normal glucose tolerance (NGT) at baseline, and at the 5 year examination 2,842 of these had NGT, 83 had i-IFG and 192 had i-IGT (Fig. 1) . A random sample of these individuals was invited for a repeated OGTT (NGT: n=127, i-IFG: n=50, i-IGT: n= 104). Of these, 120 (42.7%) gave a written informed consent to participate, and the repeated OGTT was performed within 159±78 (mean±SD) days after the last OGTT. For the repeated OGTT, samples were drawn at −10, 0, 10, 20, 30, 45, 60, 75, 90, 120, 150 and 180 min for assessment of glucose, insulin, C-peptide, glucagon, glucose-dependent insulinotrophic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1).
If the repeated OGTT of these 120 individuals confirmed i-IFG, i-IGT or NGT, the participants were invited to continue their participation in the study. The confirmation of glucose tolerance status was based on the average values of fasting plasma glucose (FPG) and 2 h plasma glucose (2 h PG) concentrations from the two repeated OGTTs: (1) NGT was defined as FPG <6.1 mmol/l and 2 h PG <7.8 mmol/l; (2) i-IFG was defined as 6.1 mmol/l≤FPG< 7.0 mmol/l and 2 h PG <7.8 mmol/l; and (3) i-IGT was defined as FPG <6.1 and 7.8 mmol/l ≤2 h PG <11.1 mmol/l [13] . Of the 120 individuals having a repeated OGTT, 72 had their glucose tolerance status confirmed and 66 of these agreed to participate further in the study.
IVGTT and the euglycaemic-hyperinsulinaemic clamp Within 17±14 (mean±SD) days after the repeated OGTT, the 66 participants underwent an examination of insulin secretion and action after an overnight fast. Basal samples for glucose, NEFA, HbA 1c , insulin and C-peptide determina- underwent a repeated OGTT, and glucose tolerance status was confirmed in 72 individuals. Of these, 66 continued their participation into the last part of the study, which was a euglycaemic-hyperinsulinaemic clamp preceded by an IVGTT tion were obtained. Thereafter, the study started out with a basal period of 2 h initiated by an adjusted priming tracer dose of [3- 3 H]glucose [14] followed by a constant i.v. tracer infusion (0.22 MBq/h), which was continued for the entire study period of 4.5 h. After the 2 h basal period, a 30 min IVGTT was performed to characterise the firstphase insulin response. Thereafter, a 2 h euglycaemichyperinsulinaemic clamp was initiated for estimation of peripheral insulin sensitivity [15, 16] .
For initiating the IVGTT, a 1 min i.v. glucose bolus (20% [wt/vol.], 0.3 g/kg body weight) was infused at time 0 min. Blood samples were drawn for whole blood glucose concentration as well as serum insulin and C-peptide determination at −2, 0, 2, 4, 6, 8, 10 and 30 min.
During the clamp, a 20% glucose solution was infused at a variable rate, adjusted every 5 min in order to maintain a predetermined blood glucose concentration of 5 mmol/l [15] . 3 H-labelled glucose (3,670 Bq/ml H]glucose) was added to the infused glucose solution to obtain constant specific activity during insulin infusion. Indirect calorimetry was performed during the last 40 min of the near-steady-state basal and clamp period.
Body composition Body weight was measured to the nearest 0.1 kg using a standard electronic weighing machine (BWB-620A; Tanita, Chicago, IL, USA) with the participant wearing light clothes. Height was measured to the nearest 0.5 cm with the participant not wearing shoes. Total body fat and fat-free mass (FFM) were determined by a bioimpedance analyser (Biodynamics, Seattle, WA, USA).
Blood samples Blood samples for measurement of venous plasma glucose during the OGTT and IVGTT as well as [3- 3 H]glucose during the clamp were taken in a tube containing sodium fluoride and put on ice immediately. Plasma glucose was analysed using the hexokinase/G6P-DH technique (Roche Diagnostics, Mannheim, Germany), and [3- 3 H]glucose activity was determined from evaporated plasma samples [14] . Plasma 3 H 2 O was determined from the activity in the plasma sample minus the activity in the same plasma sample after evaporation. During the clamp, whole blood glucose was measured on a One Touch Profile glucose meter (Lifescan, Milpitas, CA, USA). Samples for measurement of serum insulin and C-peptide were analysed with a fluoro-immunoassay technique (AutoDELFIA; Perkin Elmer-Wallac, Turku, Finland). Plasma NEFA were quantified using an enzymatic colorimetric method (Wako Chemicals, Neuss, Germany). Blood samples for measurement of glucagon, GIP and GLP-1 were taken in tubes containing EDTA and were put on ice immediately. For the GIP RIA [17] we used the C-terminally directed antiserum R 65. The plasma concentrations of GLP-1 were measured [18] against standards of synthetic GLP-1 7-36-amide using antiserum code no. 89390, which is specific for the amidated C-terminus of GLP-1, and therefore mainly reacts with GLP-1 of intestinal origin (all antisera were supplied by the Department of Biomedical Sciences, University of Copenhagen, Copenhagen, Denmark). Both of these assays measure the sum of the intact, active hormones and the metabolites generated by dipeptidylpeptidase-4 (GIP3-42 and GLP-1 9-36-amide). The results therefore reflect the secretion of the two hormones. The glucagon RIA was directed against the C-terminus of the glucagon molecule (antibody code no. 4305) and therefore mainly measures glucagon of pancreatic origin [19] . For all three assays, which were carried out after 70% ethanol extraction of plasma to remove unspecific interference, sensitivity was <1 pmol/l and inter-and intra-assay CV values were <0.06 and <0.15, respectively. Calculations Steele's non-steady-state equation [20] , which takes minor fluctuations in blood glucose concentration into account was used to estimate endogenous glucose production (EGP) during the two near-steady-state periods (basal and insulin-stimulated). EGP was calculated as the ratio between the tracer infusion rate (Bq/min) and the specific activity (Bq/mg). During insulin-stimulation, the glucose infusion rate was subtracted from the rate of appearance of [ 3 H]glucose in the calculation of EGP. A total glucose pool of 200 ml/kg body mass and a pool fraction of 0.65 were used in the calculations [20] . Tracer data for four individuals were excluded from the analysis because of inaccurate procedures. First-phase insulin secretion during the IVGTT was calculated as the incremental AUC for insulin during the first 10 min of the IVGTT using the trapezoidal rule. An estimate of firstphase insulin secretion was also calculated from the OGTT using the insulinogenic index (ΔI30/ΔG30) [21] . Peripheral insulin sensitivity was calculated from the clamp as the insulin-dependent glucose disposal rate (M value) divided by the mean serum insulin concentration during the last 30 min steady-state period of the clamp (mean±SD: 407±22 pmol/l (NGT); 389±23 pmol/l (i-IFG); 456±19 pmol/l (i-IGT)). Hepatic insulin resistance was estimated as basal EGP multiplied by fasting serum insulin concentration [22] . Beta cell function (disposition index [DI]) during IVGTT (DI IVGTT ) and OGTT (DI OGTT ) was calculated as peripheral insulin sensitivity multiplied by first-phase insulin secretion or ΔI30/ΔG30, respectively. The AUCs for GIP, GLP-1 and glucagon during the 3 h OGTT were calculated using the trapezoidal rule.
Statistical analysis Individuals with i-IFG, i-IGT and NGT were compared with each other using one-way ANOVA. Non-normally distributed variables were log-transformed. The results are reported as means±SE or geometric means± SE. SAS version 9.1 (SAS Institute, Cary, USA) was used for statistical analysis.
Results
Clinical characteristics of the study participants are shown in Table 1 . Sex was not equally distributed in the three glucose tolerance groups because of a lower number of women with i-IFG.
BMI were similar in i-IFG and i-IGT individuals, but significantly higher than in NGT individuals. FFM was higher in individuals with i-IFG compared with i-IGT, but this was because of the higher proportion of men in the i-IFG group. When only men were analysed no significant differences were observed in FFM between the groups (p≥ 0.387 for all comparisons).
Plasma glucose response During the OGTT, because of the inclusion criteria, individuals with i-IFG had elevated FPG, while those with i-IGT had elevated 2 h PG compared with NGT (Table 2 ; Fig. 2a ). During the IVGTT, plasma glucose concentration reached its maximum after 2 min with no significant differences between the groups (p≥0.147 for all comparisons; Fig. 3a ).
Insulin resistance, clamp A reduction in peripheral insulin sensitivity was observed in individuals with i-IGT compared with NGT and i-IFG, but peripheral insulin sensitivity was normal in individuals with i-IFG. Hepatic insulin resistance did not differ statistically significantly between the groups (p≥0.179 for all comparisons; Table 2 ).
Insulin secretion/beta cell function During the OGTT, fasting serum insulin concentration did not differ between the groups, but it tended to be higher in the i-IGT group (p=0.066). The 2 h insulin concentration was significantly higher in i-IGT individuals compared with the other groups (p≤0.002; Table 2 ). C-peptide and insulin excursions were similar in NGT and i-IFG individuals, but in the i-IGT group C-peptide and insulin peaked and levelled off later than for NGT and i-IFG (Fig. 2b,c) . The insulinogenic index estimated from the OGTT did not differ between the groups, but after adjusting for peripheral insulin resistance, DI OGTT was significantly diminished in the i-IGT group compared with the NGT and i-IFG group (p≤0.044), whereas no significant difference was observed between i-IFG and NGT (p=0.143; Table 2 ). During the IVGTT, serum insulin concentrations peaked after 4 min for all groups, but the 4 min insulin concentration was on average lower in the i-IFG group compared with the other groups (p≤ 0.050; Fig. 3b ). First-phase insulin secretion was significantly lower in individuals with i-IFG compared with the groups of NGT and i-IGT (p=0.026; Table 2 ). After adjustment for peripheral insulin sensitivity, DI IVGTT was significantly lower in both i-IFG and i-IGT compared with NGT individuals (p≤0.005; Table 2 ).
Incretin hormones, OGTT The basal level of GIP did not differ between the groups (p≥0.130 for all comparisons; Fig. 2e ). The 3 h AUC for GIP was significantly lower in the group of i-IGT compared with those with NGT (p=0.045), but normal in the i-IFG group (p=0.592; Table 2 ). Fasting GLP-1 did not differ between NGT, i-IFG and i-IGT individuals (p≥0.242 for all comparisons, Fig. 2f ), but those with i-IFG had a significantly higher 3 h AUC for GLP-1 than those with NGT (p=0.013; Table 2 ).
Glucagon, OGTT Individuals with i-IFG and i-IGT had a significantly higher fasting, 1 and 2 h glucagon concentration (p≤0.013) as well as a higher 3 h AUC compared with those with NGT (p<0.001; Table 2 , Fig. 2d ).
Discussion
This study emphasises that defects in fasting and post-load (postprandial) glucose metabolism are caused by different mechanisms. In the absolute sense, individuals with i-IFG have reduced insulin secretion in response to i.v. but not oral glucose administration, and they have normal insulin action. In contrast, individuals with i-IGT have normal absolute oral and i.v. glucose-stimulated insulin secretion, but they exhibit substantial peripheral insulin resistance. Nevertheless, after correction for the ambient individual degree of insulin resistance, individuals with i-IFG and i-IGT have a similar degree of beta cell dysfunction in response to i.v. glucose administration. During oral glucose ingestion, individuals with i-IGT exhibit impaired beta cell function, whereas the OGTT-derived beta cell function for those with i-IFG is near normal. The observed impaired secretion of GIP in individuals with i-IGT vs an elevated GLP-1 response in those with i-IFG may partially explain this discrepancy. Individuals with i-IFG and i-IGT exhibit similar degree of elevated plasma glucagon levels in the face of normal EGP in relation to the basal level of insulin (i.e. normal hepatic insulin sensitivity).
Insulin secretion Most previous studies in i-IFG vs i-IGT individuals have used either only oral or only i.v. tests, and
in none of these studies were simultaneous measurements of insulin action, glucagon and gut incretin hormone secretion performed. The present study highlights the importance of discriminating between insulin secretion estimates derived from either oral or i.v. glucose challenge tests, the relevance of measuring gut incretin hormones when evaluating insulin secretion rates, and finally the impact of adjusting for in vivo insulin action.
The divergent results between estimates of beta cell function during oral vs i.v. glucose administration in i-IFG vs i-IGT individuals [1, [3] [4] [5] [6] [7] [8] [9] [10] [23] [24] [25] questions the reliability of, in particular, oral glucose challenges as relevant measures of beta cell function. After oral glucose ingestion, insulin secretion is highly dependent on the incretin hormone secretion and action. Since we have shown that the levels of GIP and GLP-1 may differ markedly between the different prediabetic phenotypes, [1, [3] [4] [5] [6] [7] [8] [9] [10] [23] [24] [25] may also to some extent be explained by misclassification because of only a single OGTT and/or differences in the duration of impaired glucose regulation in the studied individuals. In none of the previous studies was the onset of impaired glucose regulation known, and therefore the results of these studies may reflect pathophysiological mechanisms at a stage later in the development towards overt type 2 diabetes than our results, which are based on participants identified 5 years after having NGT. Moreover, most studies have based their classification of i-IFG and i-IGT on a single OGTT, which increases the likelihood of misclassification. Our classification of NGT at baseline was also only based on a single OGTT. However, since more than 90% of individuals with NGT are likely to be reclassified as NGT at a repeated OGTT [26] , we believe that misclassification is not an important concern in this study.
When estimating insulin secretion, it is also important to correct for insulin resistance (i.e. calculating the DI) to obtain a true estimate of beta cell dysfunction. Despite large differences in first-phase insulin secretion, individuals with i-IFG and i-IGT had the same reduction in DI, which has also been previously reported by others [11] .
Incretin hormones Incretin hormone secretion in individuals with i-IFG and i-IGT has not been examined in detail previously. However, impaired secretion of GIP and normal secretion of GLP-1 after OGTT have been demonstrated in post-menopausal women with IGT [27] , which supports our findings. In patients with overt type 2 diabetes, both increased, normal and decreased secretion of GIP and GLP-1 have been reported [28] [29] [30] . Although these controversial results may be explained by many different factors (e.g. differences in assays, diabetes duration, ethnicity), the possibility exists that the secretion of incretin hormones is a distinct feature of various type 2 diabetic phenotypes that have emerged from different prediabetic i-IFG or i-IGT states. Obviously, this hypothesis needs to be tested in a prospective setting. The observed reduced GIP secretion may contribute to the impaired insulin secretion during OGTT in individuals with i-IGT. The extent to which the elevated GLP-1 secretion during OGTT in the i-IFG individuals represents a compensatory mechanism to maintain near normal absolute insulin secretion rates, or whether it represents a primary intrinsic metabolic variant of this distinct prediabetic phenotype is unknown. Previous studies suggested that impaired GLP-1 secretion in overt type 2 diabetes is a secondary phenomenon [31, 32] . Thus, the possibility remains that compensation for decreased insulin secretion by elevated GLP-1 secretion may occur at the earliest stages of abnormal glucose homeostasis, but that this compensation may be lost again when (postprandial) glucose levels increases.
Insulin resistance Our data clearly show that Europid individuals with i-IGT exhibit insulin resistance in the periphery, whereas those with i-IFG have normal peripheral insulin sensitivity. This is consistent with the findings of previous studies using the clamp technique in both i-IFG [11, 33, 34] and i-IGT individuals [1, 11, [33] [34] [35] .
By use of 3 H-labelled glucose measurements of glucose turnover rates, we did not detect any evidence of hepatic insulin resistance in either i-IFG or i-IGT individuals. Another study [34] demonstrated hepatic insulin resistance but not an absolute increased EGP in individuals with i-IFG. Differences in BMI, ethnicity and sex distribution as well as different cutoff points for i-IFG (5.6 vs 6.1 mmol/l) between our study and the other study may have caused these different findings.
Glucagon The finding of significantly elevated fasting and post-load plasma glucagon levels in prediabetic individuals with i-IFG and i-IGT is novel and potentially important, indicating that abnormal pancreatic alpha cell function is a significant, and maybe primary, player of importance for the abnormal glucose homeostasis at this very early prediabetic time-point. Nevertheless, our findings are consistent with previous studies demonstrating reduced suppression of glucagon during OGTT in individuals with fasting hyperglycaemia [36] and IGT [37, 38] .
Interestingly, the increased fasting glucagon secretion was not followed by increased EGP in either i-IFG or i-IGT individuals. In individuals with i-IFG, this paradox could, however, reflect an autoregulatory effect of even mild hyperglycaemia on EGP [39] . Furthermore, it could also reflect a loss of responsiveness of the liver to glucagon (i.e. hepatic glucagon resistance) [40] in one or both prediabetic groups. In that respect, even in patients with overt type 2 diabetes, EGP is only slightly elevated in the absolute sense because of the suppressive effect of glucose per se on EGP [39] .
It has been suggested that in patients with type 2 diabetes, the pancreatic alpha cells are hypo-responsive to the suppressive effects of glucose [41] , and it is thus likely that the alpha cells in i-IFG and i-IGT may also be hypo-responsive to a b glucose. Accordingly, we suggest that a glucose-specific defect in the pancreatic alpha cells as well as in the pancreatic beta cells [41] is an early event in the development of type 2 diabetes. Our results thereby indicate that the disproportionately elevated fasting glucagon levels as well as the reduced glucose-induced suppression of glucagon secretion observed in patients with overt type 2 diabetes [42] may represent a primary rather than a secondary defect of the disease.
Study limitations With a combination of a stringent epidemiological approach and detailed state-of-the-art human physiological methods, we have studied the pathophysiology of i-IFG and i-IGT in a well-characterised, homogeneous Europid population. One potential drawback of the study, however, refers to possible sex differences, which have also been reported in other studies [3, 4] . The low number of women with i-IFG made an analysis of sex differences impossible. However, additional statistics performed only on men supported our findings for all variables presented in Table 2 , although less significantly because of the lower number of individuals. At baseline (1999) (2000) (2001) , participants at high risk of cardiovascular disease were offered diet and lifestyle intervention for up to 6 months [12] . In this particular study population, 11% participated in this intervention. However, since the participation was distributed in all three groups (two with NGT, one with i-IFG, four with i-IGT), we assume that the significance of the intervention on the reported pathophysiological characteristics is negligible.
Implications There is a strong need for studies addressing the question of how individuals with i-IFG and i-IGT progress to diabetes and most importantly how this may be prevented. Insulin-sensitive i-IFG individuals may, in contrast to insulin resistant i-IGT individuals, not necessarily benefit from lifestyle interventions, primarily targeting improvement of peripheral insulin sensitivity. A study of healthy Australian men and women [43] , showing that physical activity was associated with reduced 2 h PG but not FPG, supports this hypothesis. However, more knowledge needs to be obtained from prospective studies. While it is uncertain whether lifestyle interventions prevent diabetes in i-IFG to the same extend as seen in IGT individuals [44] , other prevention strategies targeting glucagon and/or GLP-1 secretion or action may turn out to be beneficial in both i-IFG and i-IGT prediabetic individuals.
In conclusion, the present study showed that Europid individuals with early identified i-IFG and i-IGT have the same degree of alpha and beta cell dysfunctions, but only i-IGT individuals exhibit peripheral insulin resistance. During oral glucose ingestion, those with i-IGT exhibit impaired secretion of GIP, possibly contributing to an impairment of insulin secretion, while those with i-IFG have elevated GLP-1 concentrations, potentially maintaining their insulin secretion and glucose tolerance in the normal range after oral glucose ingestion. These results highlights the importance of discriminating between estimates of insulin secretion derived from OGTTs vs IVGTTs as well as the impact of correcting for in vivo insulin action when estimating beta cell function.
